The insertion of AMPA receptors (AMPARs) into the plasma membrane is an important step in the synaptic delivery of AMPARs during the expression of synaptic plasticity. However, the molecular mechanisms regulating AMPAR insertion remain elusive. By directly visualizing individual insertion events of the AMPAR subunit GluR1 in rodents, we found that the protein 4.1N was required for activity-dependent GluR1 insertion. Protein kinase C (PKC) phosphorylation of the serine 816 (S816) and S818 residues of GluR1 enhanced 4.1N binding to GluR1 and facilitated GluR1 insertion. In addition, palmitoylation of GluR1 C811 residue modulated PKC phosphorylation and GluR1 insertion. Finally, disrupting 4.1N-dependent GluR1 insertion decreased surface expression of GluR1 and the expression of long-term potentiation. Our study uncovers a previously unknown mechanism that governs activity-dependent GluR1 trafficking, reveals an interaction between AMPAR palmitoylation and phosphorylation, and underscores the functional importance of 4.1N in AMPAR trafficking and synaptic plasticity.
AMPARs mediate the majority of fast excitatory synaptic transmission in the brain 1, 2 . Trafficking of these receptors regulates the number of AMPARs that are present at synapses and subsequently determines the strength of synaptic transmission [1] [2] [3] . Activity-dependent delivery of AMPARs supplies additional receptors during long-term potentiation (LTP) 4, 5 . These AMPARs are thought to originate from recycling endosomes 6 , which requires the surface insertion of AMPARs. However, the molecular mechanisms governing AMPAR insertion are largely unknown.
Actin filaments are indispensable in maintaining and regulating AMPAR-mediated synaptic transmission [7] [8] [9] . However, the mechanism by which the actin cytoskeleton regulates AMPAR trafficking remains elusive. 4.1R is an actin-binding protein that links membrane proteins to the actin cytoskeleton 10, 11 . The Drosophila 4.1 homolog Coracle interacts with GluRA, a homolog of the mammalian AMPAR subunit GluR1, but not with GluRB, a homolog of mammalian AMPAR subunit GluR2 (ref. 12 ). This interaction is required for synaptic targeting of GluRA 12 . 4.1N is a neuronal homolog of 4.1R that is found in most neurons of the adult mouse brain 13 . Besides associating with the actin cytoskeleton, 4.1N binds specifically to the membrane proximal region (MPR) of GluR1, but not GluR2 (refs. 14,15) . However, little is known about the functional importance of the 4.1N and GluR1 interaction. It is possible that 4.1N regulates AMPAR trafficking by providing a critical link between the actin cytoskeleton and AMPARs.
To examine the molecular mechanisms governing AMPAR trafficking, optical imaging approaches are often employed. These include confocal live imaging [16] [17] [18] [19] [20] [21] and subresolution particle tracking [22] [23] [24] [25] [26] [27] [28] . However, these imaging approaches are not well suited for studying AMPAR insertion. Insertion of AMPAR is a dynamic process and vesicles delivering AMPARs to neuronal surface is likely to contain only limited numbers of receptors. Such characteristics of AMPAR insertion make its direct visualization difficult, hindering efforts to understand the detailed molecular mechanisms. We employed imaging of superecliptic pHluorin-tagged 29 AMPARs with total internal reflection fluorescence microscopy (TIR-FM) to visualize insertion of AMPARs. Using this approach, we uncovered a previously unknown mechanism that governs activity-dependent GluR1 insertion. Our results underscore the functional importance of activity-dependent AMPAR trafficking in synaptic plasticity.
RESULTS

Capturing insertion events of GluRs
We used TIR-FM to directly visualize AMPAR insertion, as it offers superior axial resolution, allowing one to image trafficking of receptors near the plasma membrane (B100 nm). To ensure that we imaged only surface AMPARs, we used super-ecliptic pHluorin to label the N terminus of either GluR1 or GluR2 (R1pH and R2pH, respectively). Thus, the pHluorin tag present in the lumen of transport vesicles and endosomes (pH o 6.0) would be invisible to our imaging system, decreasing the background signal. Following receptor insertion, the pHluorin tag would be exposed to the extracellular space (pH ¼ 7.4) and would undergo a more than 20-fold fluorescence increase as the pH changes from o6.0 to B7.4 (ref. 29) . Therefore, insertion of vesicles containing pHluorin-labeled AMPAR would substantially increase pHluorin fluorescence [18] [19] [20] [21] .
By imaging pHluorin-labeled AMPARs under TIR-FM, we were able to visualize the rapid appearance of surface R1pH clusters ( Fig. 1a and Supplementary Movie 1). R1pH insertion could also be observed under epifluorescent illumination, with pre-existing synaptic R1pH puncta being clearly visible ( Fig. 1b) . We were able to observe insertion events in both soma and dendritic shafts, but never in dendritic spines ( Fig. 1b ). Insertion events appeared as the rapid emergence of R1pH clusters, which then quickly dispersed in seconds ( Fig. 1c and Supplementary Movies 1-3). We also observed lateral diffusion of R1pH following its insertion into both somatic ( Supplementary Fig. 1 ) and dendritic surfaces ( Fig. 1c, Supplementary Movie 3 and Supplementary Fig. 2 ). The diffusion of inserted R1pH into adjacent spines was also observed ( Supplementary Fig. 2 ). The insertion events can be visualized graphically in space and time by generating a y-t maximum intensity projection image ( Fig. 2a and Supplementary Movie 2). Two possibilities can account for the dynamic appearance of R1pH clusters: the insertion of R1pH from intracellular compartments or the clustering of pre-existing surface R1pH. We reasoned that if the observed cluster was the accumulation of pre-existing surface R1pH, photobleaching pre-existing R1pH fluorescence should substantially reduce both the intensity and the frequency of these clusters. Conversely, if the observed clusters represented R1pH insertion, photobleaching preexisting surface R1pH should have a minimal effect on these R1pH clusters, as intracellular invisible pools of R1pH are protected from photobleach 19 . Photobleaching pre-existing surface R1pH reduced neither the amplitude nor the frequency of subsequent R1pH clusters ( Supplementary Fig. 3 ). Furthermore, we were able to abolish the appearance of these clusters by either bath application of Botulinum toxin A or transfection of a tetanus toxin light chain expression vector and R1pH (Fig. 2b) . Together, these data indicate that the observed appearance of R1pH clusters represents insertion events.
GluR1 has often been implicated in activity-dependent AMPAR trafficking, whereas GluR2 has been more closely associated with constitutive AMPAR trafficking 30 . Acute suppression of excitatory neuronal activity by applying a cocktail of tetrodotoxin (TTX, 1 mM), 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3dione (NBQX, 20 mM) and DL(-)-2-amino-5-phosphonovaleric acid (AP5, 200 mM) substantially reduced the insertion frequency of R1pH ( Fig. 2b) . In addition, we rarely observed R2pH insertion under normal conditions ( Fig. 2b) . Furthermore, coexpressing nontagged GluR2 with R1pH did not affect R1pH insertion, whereas coexpressing nontagged GluR1 with R2pH substantially increased R2pH insertion ( Fig. 2b) , indicating that GluR1 dominates over GluR2 in heteromeric AMPARs. We concluded that we can directly visualize activity-dependent GluR1 insertion only in the extrasynaptic surface.
4.1N is required for GluR1 insertion
To further examine the molecular mechanisms governing GluR1 insertion, we generated several C-terminal deletions of R1pH: R1pH(1-880), which lacks the PDZ ligand of GluR1, R1pH(1-833), which lacks the S845 phosphorylation site, but retains the S831 phosphorylation site, R1pH(1-822), which contains the GluR1 MPR, and R1pH(1-814), which lacks the majority of the GluR1 C terminus ( Fig. 3a) . Using our TIR-FM imaging approach, we found no substantial differences between the insertion frequencies of R1pH (1-880), R1pH(1-833), R1pH(1-822) and R1pH (Fig. 3b,c) . However, we observed a substantially reduced insertion frequency with R1pH (1-814) (Fig. 3b,c) . The difference between R1pH(1-814) and R1pH(1-822) was that the GluR1 MPR was deleted in R1pH(1-814) ( Fig. 3a) , suggesting that the GluR1 MPR is important for GluR1 insertion.
The GluR1 MPR is required for binding of GluR1 to 4.1N 15 . To test the function of 4.1N in GluR1 insertion, we first generated a GluR1 deletion mutant (R1pHD808-822) that lacked only the MPR. We observed a substantially reduced insertion frequency with R1pHD808-822 ( Fig. 4a,b ). Conversely, coexpressing 4.1N with R1pH substantially increased the insertion frequency of GluR1. In contrast, this effect of 4.1N overexpression was abolished when 4.1N was coexpressed with R1pHD808-822 ( Fig. 4a,b ). Together, these results indicate that direct interaction between 4.1N and GluR1 MPR is required for GluR1 insertion. To test this hypothesis, we examined GluR1 insertion when 4.1N expression was knocked down using RNA interference (RNAi). We first tested the effect of a pool of four small interference RNA (siRNA) targeting rat 4.1N. In young neurons, this siRNA pool was able to reduce the protein expression of endogenous 4.1N compared with control nontargeting siRNA ( Fig. 4c ). Co-transfecting this siRNA pool with R1pH substantially reduced R1pH insertion frequency ( Fig. 4a,b ). From the sequences of the 4.1N siRNA pool, we generated three short hairpin RNAs (shRNA) in both pSuper and lentiviral vectors (see Online Methods), one of which (#11) was able to knock down the expression level of endogenous rat 4.1N protein by 80% ( Fig. 4c ). On the basis of the 4.1N shRNA#11 sequence, we generated a rescue construct of 4.1N in both pRK5 and Herpes simplex virus (HSV) vectors. The HSV construct was able to rescue the expression of 4.1N in the presence of lentivirus shRNA#11 in cultured neurons ( Fig. 4c ). We next used plasmid-based shRNA and rescue constructs to further examine the role of 4.1N in GluR1 insertion. 4.1N shRNA#11 substantially reduced the GluR1 insertion frequency, whereas the rescue construct of 4.1N enhanced the GluR1 insertion frequency in the presence of shRNA#11 ( Fig. 4a,b ). These results demonstrate that 4.1N is critical for GluR1 insertion.
Post-translational modifications regulate GluR1 insertion
In the GluR1 MPR, the S818 residue is a PKC phosphorylation site ( Fig. 5a ) 31 . The presence of this PKC phosphorylation site in the GluR1 MPR raises the possibility that PKC may regulate GluR1 insertion. Go 6983, a broad spectrum PKC inhibitor, substantially reduced GluR1 insertion ( Fig. 5b,c) , whereas phorbol 12-myristate 13-acetate (PMA), a PKC activator, substantially increased GluR1 insertion ( Fig. 5b,c) .
These results indicate that manipulating PKC activity bidirectionally regulates GluR1 insertion. The only difference between the MPR of Figure 1a (magenta) with R1pH insertion sites (green spots indicated by white arrowheads). Right, y-t maximum intensity projection images (see Online Methods) of the same neuron, each 'comet-like' event is indicated by a white arrowhead, and the sudden rising and gradual decrease in fluorescence represents individual insertion events (also see Supplementary Movie 2). (b) Representative y-t maximum intensity projection images of R1pH or R2pH insertion under different conditions are shown on the left. Quantification results of insertion frequency (event per min) are shown on the right (R1pH, 6.1 ± 0.6, n ¼ 51; R1pH + Botulinum toxin A, 0.9 ± 0.3, n ¼ 20; P o 0.0001 compared with R1pH unless otherwise specified; R1pH + TNTLc, 0.9 ± 0.3, n ¼ 10, P o 0.0001; R1pH + TTX, NBQX, AP5, 0.7 ± 0.2, n ¼ 20, P o 0.0001; R2pH, 0.1 ± 0.1, n ¼ 37, GluR1 and GluR2 is that S816 and S818 in GluR1 are replaced with alanine in GluR2 ( Fig. 5a ). We hypothesized that phosphorylation of these two serine residues may regulate GluR1 insertion. To test this hypothesis, we generated and tested R1pH constructs carrying single or double mutations of S816 and S818 using TIR-FM imaging. We generated serine-to-alanine mutations to abolish phosphorylation and serine-to-aspartate mutations to mimic phosphorylation of these serine residues. The insertion of the single serine-to-alanine point R1pHS818A
R1pHS818D mutant, R1pHS816A or R1pHS818A, was not substantially different from that of R1pH (Fig. 5b,c) . However, the double serine-to-alanine point mutant, R1pHS816A-S818A, had a substantially lower insertion frequency ( Fig. 5b,c) . These results indicate that the presence of serine residues at either the 816 or 818 positions is able to maintain a basal level of GluR1 insertion, but without both serine residues, GluR1 insertion is abolished. These results suggest that phosphorylation of these serine residues may affect GluR1 insertion. Mimicking phosphorylation of both S816 and S818 (R1pHS816D-S818D) substantially increased the insertion frequency of GluR1, whereas neither R1pHS816D nor R1pHS818D increased the insertion frequency of GluR1 (Fig. 5b,c) . These results suggest that phosphorylation of both S816 and S818 is required to enhance GluR1 insertion. The phosphorylation of these two serine residues was mediated by PKC, as GluR1S816A-S818A abolished the effect of PMA in enhancing GluR1 insertion (Fig. 5b,c) . This phosphorylation probably regulates the 4.1N and GluR1 interaction, as GluR1S816A-S818A also abolished the effect of 4.1N in enhancing GluR1 insertion (Fig. 5b,c) . Although phosphorylation of both S816 and S818 was required to enhance GluR1 insertion, it was not sufficient to enhance GluR1 insertion, as Go 6893 also efficiently reduced the insertion frequency of R1pHS816D-S818D (Fig. 5b,c) . This result suggests that, in addition to phosphorylation of GluR1 S816 and S818, other PKC-dependent signaling events are required for GluR1 insertion. Together, our results indicate that phosphorylation of GluR1 S816 and S818 are important for regulating activitydependent GluR1 insertion, potentially by affecting the interaction between 4.1N and GluR1.
Near the S816 and S818 residues in the GluR1 MPR, the C811 residue is palmitoylated 32 . Moreover, the interaction between 4.1N and GluR1 is regulated by the palmitoylation state of the C811 residue 32 , but the importance of this regulation is unclear. Notably, the palmitoylation-deficient mutant of GluR1, GluR1C811S, also had an increased insertion frequency (Fig. 5b,c) , suggesting that palmitoylation of GluR1 C811 residue regulates GluR1 insertion by regulating 4.1N and GluR1 interaction. The proximity of the palmitoylation site to the phosphorylation sites indicates that there is a potential interaction between palmitoylation and phosphorylation in the GluR1 MPR ( Fig. 5a ). We reasoned that if phosphorylation regulates palmitoylation in the GluR1 MPR, mimicking the depalmitoylation state of the C811 residue with GluR1C811S should rescue the reduced insertion of GluR1S816A-S818A. Conversely, if depalmitoylation regulates phosphorylation in the GluR1 MPR, abolishing phosphorylation with GluR1S816A-S818A should block the enhanced insertion of GluR1C811S. However, if there is no interaction between palmitoylation and phosphorylation, combining C811S with S816D-S818D should have additive affects on GluR1 insertion. We found that the insertion frequency of R1pHC811S-S816A-S818A was similar to that of R1pHS816A-S818A, whereas the insertion frequency of R1pHC811S-S816D-S818D was similar to that of R1pHS816D-S818D (Fig. 5b,c) .
These results indicate that the phosphorylation state of both S816 and S818 bypasses the effect of depalmitoylation at C811 and suggest that depalmitoylation of the C811 residue regulates phosphorylation at both S816 and S818 residues, a signaling event that probably affects the interaction between 4.1N and GluR1.
Regulation of 4.1N and GluR1 interaction 4.1N binds directly to GluR1 both in vitro and in vivo 15 . We first confirmed the interaction between endogenous 4.1N and GluR1 in cultured neurons using a co-immunoprecipitation approach (Supplementary Fig. 4 ). The interaction between endogenous 4.1N and GluR1 was substantially reduced by Go 6983 and enhanced by PMA ( Fig. 6a,b) . To further examine whether phosphorylation and palmitoylation of GluR1 MPR regulated 4.1N and GluR1 interaction, we cultured neurons from GluR1 knockout mice and expressed various Myc-tagged GluR1 constructs in these neurons using the HSV expression system. Co-immunoprecipitation of endogenous 4.1N with virally expressed Myc-tagged GluR1 was used to examine the interaction between these two proteins. Without rescuing the expression of GluR1, 4.1N was absent from the immunoprecipitation complex, demonstrating the specificity of our approach (Fig. 6c) . Following GluR1 expression rescue, the interaction between endogenous 4.1N and virally expressed Myc-GluR1 was apparent (Fig. 6c ). Mutation of S816A and S818A (Myc-GluR1S816A-S818A) abolished the interaction between GluR1 and 4.1N (Fig. 6c,d) . Conversely, the binding of 4.1N to the phosphomimetic mutant (Myc-GluR1S816D-S818D) was stronger than its binding to Myc-GluR1 (Fig. 6c,d) . This result indicates that phosphorylation of both S816 and S818 residues regulates the 4.1N and GluR1 interaction. In addition, the interaction between 4.1N and the palmitoylation mutant Myc-GluR1C811S was also enhanced (Fig. 6c,d) , which is consistent with previous results 32 . Moreover, the interaction between 4.1N and Myc-GluR1C811S-S816A-S818A was also abolished (Fig. 6c,d) , suggesting that the effect of depalmitoylation at C811 residue requires the presence of serine residues at both the 816 and 818 positions. The interaction between 4.1N and Myc-GluR1C811S-S816D-S818D was similar to that between 4.1N and Myc-GluR1S816S-S818D (Fig. 6c,d) . Together, these results suggest that depalmitoylation of GluR1C811 residue enhances the interaction between 4.1N and GluR1 by facilitating phosphorylation at S816 and S818 residues.
To further test this hypothesis, we asked how mimicking the depalmitoylation state of the C811 residue might affect PKC phosphorylation at the S818 residue 31 . We examined changes in the phosphorylation level of S818 residue using a previously characterized antibody to GluR1 phospho-S818 (ref. 31 ). This antibody detected a clear signal that was sensitive to l phosphatase treatment ( Fig. 6e) , whereas the signal detected by antibody to the GluR1 N terminus was unaffected ( Fig. 6e) , confirming the specificity of our GluR1 phospho-S818 antibody 31 . Following PKC activation, we detected greater phosphorylation of S818 in GluR1C811S compared with that of GluR1 (Fig. 6e,f) . This result indicates that mimicking the depalmitoylation state of the C811 residue could enhance the phosphorylation of S818 residue by PKC. However, the phosphorylation state of GluR1 S816 and S818 residues did not affect the palmitoylation of GluR1 C811 residue ( Supplementary Fig. 5 ). Together, our data suggest that depalmitoylation of the C811 residue facilitates phosphorylation in GluR1 MPR by PKC, which in turn enhances the interaction between 4.1N and GluR1.
Functional importance of GluR1 insertion
To investigate the functional importance of activity-dependent GluR1 insertion, we first examined steady-state GluR1 surface expression under conditions of altered GluR1 insertion. We cultured neurons from GluR1 knockout mice and rescued GluR1 (nontagged) expression with HSV to examine surface expression of various GluR1 mutants. GluR1(1-822), a deletion mutant that did not have a defect in insertion frequency, showed similar surface expression to GluR1 (Fig. 7a,b ). GluR1(1-814), GluR1S816A-S818A and GluR1C811S-S816A-S818A, all of which showed a substantial reduction in insertion frequency, had a 30-40% reduction in surface expression ( Fig. 7a,b) . These results suggest that activity-dependent GluR1 insertion is required to maintain steady-state surface expression of GluR1. Notably, we observed a 480% reduction in steady-state surface level with GluR1D808-822 ( Fig. 7a,b) , probably as a result of the elimination of 4.1N binding by MPR region deletion and incomplete elimination of 4.1N binding by the serine mutations. In addition, we did not observe substantial changes in either the patterns or the levels of expression of the different GluR1 constructs used in our experiments ( Supplementary Figs. 6  and 7) . However, the surface expression of GluR1S816D-S818D, GluR1C811S and GluR1C811S-S816D-S818D were not substantially different from that of GluR1 (Fig. 7a,b) , even though these mutants had substantially increased insertion. These results suggest that simply increasing activity-dependent GluR1 insertion does not affect steadystate surface expression of GluR1, possibly as a result of the lack of other mechanisms to stabilize inserted receptors on the neuronal surface or of other compensatory effects on receptor trafficking. Finally, surface expression of endogenous GluR1 containing AMPARs was substantially reduced when we knocked down 4.1N using siRNA (Fig. 7c) . Together, these data indicate that disrupting the interaction between 4.1N and GluR1 and activity-dependent GluR1 insertion over a prolonged period of time reduces steady-state surface expression of GluR1, leading to the disruption of GluR1 trafficking. To investigate the functional importance of the 4.1N and GluR1 interaction in synaptic plasticity, we used the well-characterized synaptic plasticity procedure, hippocampal Schaffer collateral-CA1 LTP. We identified a lentiviral-based 4.1N shRNA construct that could efficiently knock down endogenous mouse 4.1N in dissociated cultured neurons (Fig. 8a) . In vivo injection of this virus into the hippocampus CA1 region could also efficiently knock down the expression of endogenous 4.1N (Fig. 8a,b) . We prepared acute hippocampal slices from 6-week-old mice that were injected with lentivirus 1 week earlier and obtained whole-cell recordings from infected or noninfected CA1 pyramidal neurons. We measured basal synaptic responses using the ratio between the AMPAR-mediated current and NMDA receptor-mediated current (AMPA/NMDA ratio). The AMPA/ NMDA ratio from 4.1N knockdown neurons was not substantially different from that of either uninfected neurons or lenti-GFP-infected neurons (Fig. 8c) . In contrast, knocking down 4.1N substantially reduced LTP expression 50-60 min after induction (Fig. 8d) , without affecting the initial phase (up to 30 min after induction) of LTP expression. Lentivirus expressing either GFP or a control nontargeting shRNA had no effect on LTP expression. These results suggest that 4.1N is important for the expression of LTP, but doesn't affect basal synaptic transmission. A recent study showed that knocking out both 4.1N and 4.1G did not affect basal synaptic transmission or synaptic plasticity in 3-week-old mice 33 . Because our LTP experiments were performed with 6-week-old mice and used acute knockdown of 4.1N, the difference in LTP results may be a result of the age difference of mice used and/or acute knockdown of 4.1N could minimize potential developmental compensatory mechanisms.
DISCUSSION
Insertion of AMPARs into the neuronal surface is an important step in the synaptic delivery of AMPARs. By imaging super-ecliptic pHluorintagged AMPARs under TIR-FM, we were able to capture individual GluR1 insertion events. Similar insertion events could also be observed under epifluorescent illumination mode, in which synaptic populations of GluR1 were visible. We observed GluR1 insertion only on extrasynaptic surfaces of both the soma and dendritic shaft, and failed to observe GluR1 insertion on spines. Similar GluR1 insertions were reported recently using the same approach 34 . This previous report found that the GluR1 insertions were extrasynaptic and that chemically mimicking LTP stimulation resulted in an increase in GluR1 insertion frequency, but not in the number of receptors in individual vesicles 34 . The observation of extrasynaptic insertion of GluR1, together with a series of elegant studies demonstrating the importance of lateral diffusion in supplying AMPARs to synapses [22] [23] [24] [25] [26] [27] [28] , supports a two-step mechanism for synaptic delivery of AMPAR: an extrasynaptic insertion step and a subsequent step involving lateral diffusion from extrasynaptic pools. Such a two-step synaptic delivery of AMPARs to synapses has been shown to occur in the induction of calcium-permeable AMPA receptor plasticity in cerebellar parallel fiber-stellate cell synapses 35, 36 . Our data also underscore the importance of maintaining an extrasynaptic surface pool of AMPARs.
Maintaining the size of this pool by regulating activity-dependent AMPAR insertion is likely to ensure AMPAR supply to synapses during high neuronal activity and to provide a pool for recruitment of AMPARs to synapses during LTP. Phosphorylation of AMPARs is important in AMPAR trafficking and synaptic plasticity 18, 19, 31, [37] [38] [39] [40] [41] [42] . Phosphorylation most likely affects AMPAR trafficking by regulating the interaction between AMPARs and their binding partners. For example, phosphorylation of GluR2 S880 residue differentially regulates binding of PICK1 or GRIP to GluR2 (ref. 43) . However, for most other AMPAR phosphorylation sites, the binding partners of AMPARs remain unknown. Identifying these binding partners would substantially contribute to our understanding of the mechanisms by which phosphorylation regulate AMPAR trafficking and synaptic plasticity. Here, we identified 4.1N as such a phosphorylation-dependent binding partner of GluR1. We found that phosphorylation of serine residues of the GluR1 MPR enhanced the 4.1N and GluR1 interaction, which in turn enhanced activity-dependent GluR1 insertion to surface extrasynaptic pools. The extrasynaptic pools of AMPARs may serve as a source of AMPARs for delivery to synapses during LTP, and replenishing these extrasynaptic AMPAR pools would be important for the maintenance of LTP. Consequently, a deficit in activity-dependent AMPAR insertion would fail to maintain the expression of LTP without affecting the initial phase of expression. Such a pattern of LTP expression was observed when 4.1N was knocked down and when GluR1 S818 phosphorylation was blocked 31 . These results suggest that phosphorylation of GluR1 S818 facilitates LTP expression by enhancing 4.1N and GluR1 interaction, and that 4.1N regulates GluR1 insertion to maintain an extrasynaptic pool of GluR1, which is required to sustain the synaptic potentiation through supplying AMPARs to synapses.
Besides phosphorylation, palmitoylation is also known to regulate both synaptic function and AMPAR trafficking 32, [44] [45] [46] [47] [48] [49] . However, the detailed molecular mechanism by which palmitoylation of GluR1 C811 residue regulates GluR1 trafficking is unclear. Our data indicate that depalmitoylation of GluR1 C811 residue leads to nearby PKC phosphorylation, which in turn enhances the interaction between 4.1N and GluR1 and results in increased GluR1 insertion. Regulation of PKA phosphorylation of the b 2 -adrenergic receptor by palmitoylation has been reported previously 50 . This is achieved by restricting access of the phosphorylation site to PKA by palmitoylation 50 . Our results suggest that palmitoylation of GluR1 C811 residue employs a similar mechanism to restrict PKC phosphorylation of the S816 and S818 residues. Our results further suggest that such an interaction between protein palmitoylation and phosphorylation may be a more general mechanism governing receptor trafficking.
In summary, by directly visualizing GluR1 insertion, we uncovered a previously unknown molecular mechanism governing activity-dependent GluR1 insertion ( Supplementary Fig. 8 ). Such a mechanism contributes to maintaining normal levels of surface AMPARs and is important for ensuring that extrasynaptic pools of AMPARs are available for recruitment to synapses during LTP.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website. Lentivirus production. Lentivirus was produced in HEK293T cells using the FUW-D8.9-VSVG system (5 mg FUGW, 3.75 mg D8.9 and 2.5 mg VSVG for each 10 cm dish). Cells were maintained with DMEM containing 50 U ml À1 penicillin, 50 mg ml À1 streptomycin and 2 mM glutamax. We collected culture media 48 h after transfection and added fresh media to the transfected cells and collected them 24 h later again. The two collections of media were combined and virus particles were pelleted by ultra-centrifugation (25,000 rpm, Beckman SW 28 rotor). Virus particles were then resuspended with Neurobasal media and stored at À80 1C until use.
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Surface biotinylation. Neurons were rinsed with cold artificial cerebrospinal fluid (ACSF, 119 mM NaCl, 2.5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 25 mM HEPES (pH ¼ 7.4) and 30 mM D-glucose) and incubated with ACSF containing 1.5 mg ml À1 sulfo-NHS-SS-biotin (Thermo Fisher Scientific) for 20 min at 10 1C. Neurons were subsequently washed with cold ACSF and incubated with ACSF and 50 mM glycine to quench nonreacted biotin. Neurons were then scraped into ice-cold lysis buffer (25 mM Tris (pH 7.4) 1.5% Triton X-100 (vol/vol), 250 mM NaCl, 5 mM EDTA, 5 mM EGTA, 50 mM NaF, 5 mM NaPPi and protease inhibitor cocktail). A small fraction of supernatant was collected to detect the total amount of GluR1 and the remaining supernatant was incubated with Ultralink-neutravidin (Thermo Fisher Scientific) beads for 3 h to isolate biotinylated proteins. Both the total and biotinylated proteins were subjected to SDS-PAGE and detected using monoclonal antibody to GluR1 N terminus (clone 007.4.9D, Huganir laboratory). Western blots were performed using the SNAP i.d. system (Millipore). The ratio of surface/total of each sample was normalized to GluR1 wild type as 100%.
Immunoprecipitation. Neurons were solubilized with lysis buffer as mentioned above. To detect GluR1 S818 phosphorylation, we used a polyclonal antibody to GluR1 C terminus (JH4294) for immunoprecipitation. To detect the association of endogenous 4.1N with GluR1, we used a polyclonal antibody to GluR1 N terminus (JH5871) to avoid any potential interference of 4.1N and GluR1 interaction by antibody. To detect the association between different virally expressed Myc-tagged GluR1 constructs and endogenous 4.1N, we used antibody to Myc (clone 9E10) were used. Immunoprecipitation reactions were carried out in lysis buffer for 3 h, followed by five washes in lysis buffer containing 500 mM NaCl. Samples were separated by 7.5% SDS-PAGE. GluR1 was detected using the monoclonal antibody to GluR1 N terminus and 4.1N was detected by monoclonal antibody to 4.1N (BD Bioscience).
Immunolabeling of surface GluR1. Hippocampal neurons were incubated with polyclonal antibody to GluR1 N terminus (JH1816) for 20 min at 10 1C, fixed with Parafix (4% sucrose and 4% paraformaldehyde (vol/vol) in phosphate-buffered saline), and subsequently stained with fluorescently labeled secondary antibody and mounted on slides. Images were acquired on a Zeiss LSM 510 using a 63Â objective (N.A. ¼ 1.40). Fluorescent intensities were quantified using ImageJ (US National Institutes of health, http://rsb.info.nih. gov/ij/). Total surface GluR1 signal of transfected neurons was normalized to neighboring nontransfected neurons as 100%.
TIR-FM imaging. The TIR-FM imaging system was based on a manual Zeiss AxioObserver microscope (Carl Zeiss MicroImaging). The excitation laser was a Coherent Sapphire 488-500 mW (OEM version, Coherent). The laser was coupled to a Zeiss TIR-FM slider via a KineFLEX-P-2-S-488-640-0.7-FCP-P2 fiber optics (Point Source). A Z488RDC dichroic mirror (Chroma Technology) was used to reflect the incoming laser onto a Zeiss a plan 100Â objective (N.A. ¼ 1.45, Carl Zeiss). An ET525/50 emission filter was used for GFP fluorescence detection (Chroma Technology). An EMCCD camera (ImagEM C9100-13, Hamamatsu) was used as detector. The camera was maintained at À80 1C during the experiment using a JULABO HF25-ED heating and refrigerated circulator (JD Instruments). A Uniblitz LS6 shutter controlled by VCM-D1 (Vincent Associates) was integrated between the laser head and the fiber launcher. Data were acquired using Zeiss AxioVision software (Carl Zeiss). Neurons between the ages of 12 and 15 DIV were used for imaging experiments. All of the imaging experiments were carried out in ACSF solutions at 23-25 1C. Imaging exposure was adjusted such that image acquisition rate was ten images per s (10 Hz). To increase the signal-to-noise ratio, we typically performed 1 min photobleach before data acquisition. Recordings were analyzed using ImageJ and insertion events lasting longer than 1 s were registered as an event manually. Total events per minute were taken as the frequency of insertion. Y-t rendering images were generated by rotating the original xyt stack 901 along the y axis, and the maximum intensity of each x line was projected onto a single pixel of the y axis using a maximum-intensity projection algorithm. To generate composite images indicating the site of insertion (as shown in Fig. 1) , we projected the maximum intensity of x-y-t stack along the t axis to generate a mask that indicates the site of insertion. The final RGB composite images were generated by merging the neuronal morphology image as magenta and the mask image for insertion site as green using ImageJ.
In vivo injection of lentivirus. We anesthetized 5-6-week-old C57BL/6 mice by intraperitoneal injection of avertin (tribromoethanol, 0.25 mg per g of body weight; 2-methyl-2-butanol, 0.16 ml per g) and mannitol (to prevent edema, 10 mg per g). After immobilizing the mouse on a stereotaxic instrument, we exposed the mouse's skull and drilled a small hole above the hippocampus of each hemisphere. Viral solution was prepared in a glass pipette (tip diameter of 20-30 mm). Viral solution was injected to eight different sites of CA1 per hemisphere consisting of four horizontal locations (around B2.5 mm posterior and B2.0 mm lateral to bregma, B0.5 mm away from each other) at two different depths (1.2 mm and 1.4 mm ventral to the surface of cortex). The injections lasted 5 min per site at a flow rate of 0.15 ml min À1 . Buprenorphin (0.06 mg per g body) was injected subcutaneously following injection for analgesia. All experiments were carried out in accordance with the policies of the Animal Care and Use Committee of the Johns Hopkins University School of Medicine.
Hippocampal slice preparation. Acute hippocampal slices were prepared 1 week after virus injection. Mice were anesthetized with intraperitoneal injection of avertin, and intracardiac perfused with ice-cold cutting solution (119 mM choline chloride, 2.5 mM KCl, 7.0 mM MgSO 4 , 1.0 mM CaCl 2 , 1.0 mM NaH 2 PO 4 , 26 mM NaHCO 3 , 1.0 mM kynurenic acid, 1.3 mM sodium ascorbate, 3.0 mM sodium pyruvate and 30 mM glucose, saturated with 95% O 2 /5% CO 2 ). Mouse brain was removed rapidly and placed in ice-cold cutting solution. Coronal slices (300 mm thick) were prepared with a vibratome (Leica VT1200S). Slices were recovered in ACSF (119 mM NaCl, 2.5 mM KCl, 1.3 mM MgSO 4 , 2.5 mM CaCl 2 , 1.0 mM NaH 2 PO 4 , 26 mM NaHCO 3 and 11 mM glucose, oxygenated with 95% O 2 /5% CO 2 ) supplemented with 1.0 mM kynurenic acid at 35 1C for 1 h, and then kept in ACSF at 23-25 1C until recordings.
Whole-cell recordings. Slices were placed in a submerged chamber and perfused with ACSF supplemented with 100 mM picrotoxin, 10 mM glycine, 2.7 mM MgSO 4 (total 4.0 mM) and 1.5 mM CaCl 2 (total 4.0 mM) at 23-25 1C. Whole-cell recordings were obtained from CA1 pyramidal cells under differential interference contrast and fluorescent illumination. The intracellular solution contained 115 mM CsMeSO 4 , 0.4 mM EGTA, 5.0 mM TEA-Cl, 2.8 mM NaCl, 20 mM HEPES, 3.0 mM MgATP, 0.5 mM GTP and 10 mM sodium phosphocreatine (pH ¼ 7.2 and osmolality of 285-290 mOsm). A multiclamp 700A amplifier (Axon Instruments) was used for acquisition. Signals were digitized at 10 kHz and low-pass filtered at 2 kHz. Liquid junction potentials were left uncompensated. Schaffer collateral was stimulated at 0.1 Hz. AMPAR EPSC amplitudes were calculated by averaging B30 peaks of EPSCs at À70 mV. NMDAR EPSC amplitudes were calculated by measuring the amplitude of EPSCs 50 ms after the stimulation at +40 mV. To induce LTP, we held cells at 0 mV while stimulating Schaffer collateral at 0.66 Hz for 120 pulses. Recordings with access resistance change by more than 20% were discarded. All experiments and analysis were performed blinded.
Statistics. All the statistical tests were performed using MiniTab software (Minitab). All values were expressed as mean ± s.e.m. Mann-Whitney's test was used to compare statistical difference between any two groups. P o 0.05 was taken as a statistically significant difference.
